Introduction
Its sufficient mechanistic features, a facility of fabrication and availability and frugal accounts have manufacture carbon steel (CS) the substances of preference in many processing implementations including petroleum refining, production, construction, chemical treatment, and metal treatment equipment [1] [2] [3] [4] . Nevertheless, CS has defects of needy corrosion resistance in corrosive acid medium and it might culminate comprehensive harm if utilized without protection. Among the corrosive environments, exceedingly using of hydrochloric acid to eliminate Fe-oxide and rust in industrial treatment including oil-well acidizing, acid-descaling, steel pickling, purifying of boiler pipes, raw treatment, and petroleum processes at temperatures ~ 50-60 °C [5, 6] .
One of the generality considerable processes for CS protection from corrosion is applied the inhibitor compounds, which are closely utilized to extenuate metal damage problems in CS immersed in different media. The most widespread corrosion inhibitors are organic molecules related to their beneficial adsorption [7-9]. These organic compounds protect the CS interface via the formation of the covering film, which prohibits lineal contact of the CS with the corrosive solution, or it minimizes the corrosion rates, that are produced from either reduction, oxidation and/or both through the prohibiting of the cathodic and/or anodic active centers. The quality of the protection approaches depends fundamentally on the configurations and the inhibitor interaction process with the CS; also it depends on the features of the electrode interface, the corrosive medium, the ionic species and/or the solvent adsorption were prepared, studied for corrosion inhibition characteristics and their adsorption on CS in 1.0 M HCl (Scheme 1). The chosen of arylnicotinonitrile derivatives as potent inhibitors for CS corrosion is due to their ease production and the presence of pyridine moiety in their structure with confirming CS protection capabilities. Experimental methods including PDP, EIS, FTIR, and SEM were used to gain knowledge about the adsorption mechanism of the synthesized arylnicotinonitrile at the CS surfaces. Moreover,
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DFT calculations were completed on the fabricated inhibitors to reinforce experimental findings.
Experimental section

Instrument, solutions and materials
All information about reagents, reactions, and spectral apparatus: FT-IR, 1 
Corrosion tests
Electrochemical tests were completed using Gamry Potentiostat/Galvanostat/ZRA 
General steps for the synthesis of 2-Alkoxy-4-(4-hydroxyphenyl)-6arylnicotinonitrile (AHAN-1, AHAN-2, AHAN-3, and AHAN-4):
An equimolar amount of 4-hydroxybenzaldehyde (2 mmol, 0.244 g) and 6 appropriate acetophenones: acetophenone, 4-methyl-, 4-methoxyacetophenone (2 mmol) was added to 4.2 mmol of sodium alkoxide solution (RONa, prepared by dissolving 0.1 g of sodium metal in 50 mL of appropriate alcohol: CH3OH and/or cellosolve). The reaction mixture was stirred for 30 mins at 25-30 °C and allowed at the same temperature for overnight. Malononitrile (2 mmoles, 0.14 g) was then added to the reaction mixture and refluxed for 2-4 hrs (monitored by TLC). The reaction mixture was allowed to cool and added dropwise onto crushed-ice, (in case AHAN-2, after cooling the reaction, the formed precipitate of AHAN-2 was collected and filtered as sodium salt without acidification). The solution was filtered off from impurities, and the filtrate was acidified by using HCl solution. The formed precipitate was collected, filtered, desiccated and recrystallized from ethyl alcohol. 
Characterization Data of (AHAN-1, AHAN-2, AHAN-3, and AHAN-4):
4-(4-Hydroxyphenyl)-2-methoxy-6-(4-methylphenyl)nicotinonitrile (AHAN-1):
Sodium 4-[3-cyano-2-(2-ethoxyethoxy)-6-phenylpyridin-4-yl]phenolate (AHAN-2):
Yield 95 %; white solid; m.p.: 300-310 °C (Dec. 
2-(2-Ethoxyethoxy)-4-(4-hydroxyphenyl)-6-(4-methylphenyl)nicotinonitrile (AHAN-3):
Yield 94 %; white solid; m. 
2-(2-Ethoxyethoxy)-4-(4-hydroxyphenyl)-6-(4-methoxyphenyl)nicotinonitrile (AHAN-
Surface morphology investigations
The surface morphologies of the CS immersed in the studied corrosive medium free inhibitor and in the presence of 7×10 -4 mol/L of AHAN-4 for 48 h were determined using a JEOL JSM-6610 LV Scanning Electron Microscope (SEM).
The FTIR spectra of pure AHAN-4 and AHAN-4 adsorbed on the CS interface in 1.0 M hydrochloric acid were performed in 4000-400 cm -1 frequency range. With a view to examine the spectrum of adsorbed AHAN-4 on the CS interface, the sample was exposed in 1.0 M hydrochloric acid containing 7×10 -4 mol/L of AHAN-4 for 48 h at 323 K. After accomplishment of immersion, the sample was removed, desiccated, and its surface layer was scratched and the consequent powder exposed to FT-IR instrument. 
DFT calculations
Results and discussions
Chemistry
The proposed mechanism for the construction component 
PDP measurements
The applied of potentiodynamic-polarization (PDP) tools can be submitted substantial data about the kinetics of corrosion processes 
where ) (i corr i and ) 0 ( corr i are the inhibited and uninhibited icorr, respectively. As presented in the polarization plot, the cathodic branch shifted to an additional negative potential and the anodic site shifted to a more positive potential. According to the previous studies, if the 100
shift in Ecorr is > 85.0 mV, the compound could act as an anodic or cathodic inhibitor, and if its shift is < 85.0 mV, the compound is classified as an inhibitor of the mixed-type [28].
From Table 1 , the Ecorr shift is less than 85 mV for all AHANs compounds, indicating that they are considered as the mixed-type inhibitors.
As observed from Table 1 , the values of βa and βc are changed by raising the doses of all studied compounds inhibitors, and it elucidates the effect of the inhibitors on the H2 evolution reaction. The shift in βc could be attributed to the Cl-/inhibitor species adsorbed onto the metal interface. As presented in Table 1 , the values of icorr in the occurrence of Table 1 , it is reported that the ηPDP/% increase with the increase in [inhibitor] utilized in this investigation. In summary, it is rationalistic to infer that the protection action could be caused by the formulation of the adsorbed layer resulting from the interaction between -C≡Nand nitrogen hetero-atom and CS interface. Their corrosion inhibition performance follows the sequence of AHAN-4>> AHAN-3> AHAN-2> AHAN-1.
EIS studies
More knowledge concerning the features and kinetics of CS corrosion in HCl medium and the inhibition by arylnicotinonitrile compounds was obtained using electrochemical impedance spectroscopy (EIS). The major characteristics of EIS are to follow the corrosion performance of the CS with time. The Nyquist diagrams of CS in blank 1.0 M HCl and containing varied concentrations of AHAN-4 (2×10 -6 ~ 7×10 -4 mol/l) at 50 °C are depicted in Fig. 2A . The similar plots were recorded for other inhibitors (AHAN-1, AHAN-2 and AHAN-3). Nyquist plot of CS in 1.0 M HCl containing 7×10 -4 M of different inhibitors at 30 °C is presented in Fig. 2B . From Fig. 2 A, B , Nyquist profiles for CS corrosion in uninhibited and inhibited solutions are represented by the imperfect semicircles. These incomplete semicircles increment their diameter with the raised in compound dose, and this imperfection in semicircles is a significance of the adsorption layer formation on the CS interface and a charge transfer approach that controls the CS corrosion in hydrochloric acid solution [29] . Fig. 2 A, Bode and phase angle modules of CS in 1.0 M hydrochloric acid solution without/with different doses of AHAN-4 at 50 °C are displayed in Fig. 3 A, Table 2 . The findings show that |X| is closer to 1 while │θ│ is nearer to 90°, at higher [inhibitor] compared to the uninhibited system. This indicates that the CS/HCl surface exhibits closer to a perfect capacitor at higher inhibitor concentrations. This also confirms that the inhibitor species adsorbed on the CS interface to form a pseudo-capacitive covering layer.
Inspection of Nyquist profile in
The EIS outcomes were fitted to the equivalent circuit model by ZSimpWin software, and the conformable model is depicted in Fig. 4 . In Fig. 4 , Rs is the medium resistance, Rp is the resistance of polarization, which comprise the cumulative species at the CS/HCl surface (Ra), the resistance of charge transfer (Rct), the resistance of diffused layer (Rd), and the inhibitor layer resistance at the CS interface (Ri), (Rp= Rd + Rct + Ri + Ra) [31] .
Constant-phase element (CPE) was utilized in place of the "perfect" double-layer capacitance. The admittance and impedance of the CPE were defined by the next Eqn.
where ω represents the angular frequency, Y0 is the proportionality factor and j= 1  and n is CPE exponent (the deviation indices) is attributed to the rotation angle of pure capacitive streak on the complex-plane diagram, which is mostly near to 1. Table 2 that the values of Rs were small and nearly comparable to each other. Table 2 , it displays that as [inhibitor] is increased, PEIS/% and Rp also increases while CPE diminishes. The increasing Rp was supposedly attributed to the formation of a preservative layer on the steel interface, which dramatically prohibited the charge transfer process and dissolution of metal. corrosion. Furthermore, the highest PEIS/% was observed at 7×10 -4 mol/L, which is in perfect consistency with the findings obtained from the PDP method.
By examination of the PEIS/%, Rp and CPE values in
Surface morphology examinations
FT-IR studies
The Fourier Transform Infrared Spectroscopy (FT-IR) tool is a good method to investigate the adsorption layer producing from the process of adsorption interpreted. The broad peak (peak 1) at about 3284 cm -1 corresponds to the -OH stretching (Fig. 5A) . The absence of -OH band on the inhibited system (adsorbed film) could be related to the chemical bond formation at the CS interface adsorption center (Fig.   5B ). Furthermore, the characteristic absorption sharp peaks (Peaks 2 and 3) at 2225 and 1607 cm -1 for AHAN-4 compound attributed to -C≡N and -CH=N-bonds, respectively.
These peaks for -C≡N and-CH=N-bands in the case of an inhibited system (adsorbed film) were converted to poor absorption peaks at 2179 and 1564 cm -1 , respectively. This suggests that electron density of -C≡N and-CH=N-are shifted from -C≡N and-CH=N-groups up to Fe (II) what causes the formation of Fe-AHAN complex on the CS surface [36] . It was reported that [37], any shift in FT-IR peaks between the inhibitor compounds AHANs and adsorbed film (inhibited system) is attributed to the adsorption of inhibitor compound through ingrained chemical groups. There appears also to interfere with FT-IR vibrational peaks assigned to Fe-O (their source is iron oxide) at 500 and 1400 cm -1 that would have been apparent on the FT-IR signatures of the inhibitor adsorbed layer/corrosion product composite (Fig. 5B) .
SEM observations
SEM pictures of the pristine CS substrate and after exposed in 1.0 M HCl with/without 7×10 -4 mol/L of AHAN-4 inhibitor for 48 h at 50 °C are presented in Fig. 6 . From Fig.   6A , it is clear that the CS surface before exposure to the corrosive solution exhibits smooth features with immaterial losses that probably attributed to the scratch with different emery papers. Nevertheless, the CS surface immersed in blank 1.0 M hydrochloric acid (free inhibitor) display highly corroded and damaged characteristics because of non-protected exposure to aggressive ions in the corrosive environments (Fig.   6B ). The occurrence of AHAN-4 compound as an inhibitor supplied a smoother and cleaner CS surface (Fig. 6C) . This demonstrated that the investigated arylnicotinonitrile derivatives adsorb as a preservative layer on the CS surface and block it from a lineal offensive by the corrosive ions in the acidic medium.
Adsorption isotherms: Thermodynamic parameters
Generally, organic corrosion inhibitors protect metals and alloys via adsorbing them onto the surfaces. The adsorption processes may take on a physisorption, chemisorption and/or mixed-type mode. The representative adsorption processes between the steel interface and 16 inhibitor molecule include the substitution of the adsorbed water molecule at a metal surface based on the following Eqn. [38]:
AHAN(sol) + zH2O(ads) ↔ AHAN(ads) + zH2O(sol)
where AHAN is the arylnicotinonitrile inhibitor and z is the number of water molecules substituted with the adsorbed AHAN species. The capacity of the inhibitor displays the capability to be adsorbed on the steel interface by substituting the H2O from the metal surface which is attacked by corrosion. Different adsorption models were used to fit the obtained PDP data, such as Flory-Huggins, Langmuir, Freundlich, Frumkin and Temkin isotherms. However, the higher correlation coefficients values (R 2 ) ( Table 3) 
DFT calculations
To study the interrelated between the protection capacity of the target molecules (arylnicotinonitrile) and their electronic configuration, DFT calculations were carried out.
The study revealed the compatible relationship between the protection capacity (P%) and the calculated quantum chemical indices. The electronic distribution of lowest unoccupied (ELUMO) and highest occupied (EHOMO) molecular orbitals of the investigated models AHAN-1, AHAN-2, AHAN-3 and AHAN-4 are shown in Fig. 8, which reflects A convenient parameter for foretelling of the trend of corrosion processes is dipole moment (µ) which reflects the electron distribution in the molecule as well as its polarity
[47]. The absorption of a certain inhibitor increases as the value of its dipole moment (µ) increase and this can be attributed to electronic forces [48]. As shown in Table 4 , 
Conclusion
In the current report, the corrosion protection action of the fabricated 2-Alkoxy-4-(4- Caption  No. PDP parameters and inhibition capacity for CS in 1.0 M HCl in the absence and presence of various concentrations of arylnicotinonitrile inhibitors at 50 °C Schematic representation for the synthetic procedure of arylnicotinonitrile compounds (AHAN-1, AHAN-2, AHAN-3, and AHAN-4)
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